The tumor microenvironment plays an important role in the progression of cancer. This study focused on carcinoma-associated fibroblasts (CAFs) and stromal-epithelial interaction between CAFs and epithelial ovarian carcinoma (EOC) cells. We isolated and established primary cultures of CAFs and co-cultured CAFs and EOC cells in vitro. The co-culture conditioned medium (CC-CM) was harvested and its influence on EOC cells was examined. Cytokine, chemokine, and growth factor levels were screened using a biotin label-based human antibody array system. We found that the stromal-epithelial crosstalk provided a suitable microenvironment for the progression of ovarian cancer cells in vitro.
INTRODUCTION
Epithelial ovarian cancer (EOC) accounts for more than 90% of all ovarian malignancies and is the second most frequent invasive malignancy of the female genital tract after cancer of the uterine corpus (1) . The high mortality rate of ovarian carcinoma stems primarily from the lack of effective screening and early detection strategies. There has been little change to the 5-year cumulative survival rate for EOC since platinum-based treatment was universally introduced more than 30 years ago (2) . Therefore, there is an urgent need for an in-depth understanding of the mechanisms involved in the progression of ovarian cancer in order to develop new diagnostic or therapeutic agents.
The tumor microenvironment has been suggested to play an active role in cancer initiation and progression (3, 4) . Clinical and experimental evidence indicates that Shilong Fu and Lihua Dong contributed equally to this work.
Correspondence to: Yi Miao, Department of General Surgery, the First Affiliated Hospital of Nanjing Medical University, 300 Guangzhou Road, Nanjing 210029, China, email: miaoyi@njmu.edu.cn tumor development is intimately related to the complex tumor microenvironment (5, 6) . Neoplastic epithelia engage in reciprocal molecular crosstalk with surrounding cells, including pro-inflammatory cells, vascular cells, and fibroblast cells (7) (8) (9) , resulting in the production of growth factors, proteases, chemokines, and cytokines. These cytokines promote angiogenesis and allow malignant tumor cells to escape host immunity and resist apoptosis (10) (11) (12) . Carcinoma-associated fibroblasts (CAFs), a particular type of stromal fibroblast that exists within carcinomas, have been linked to multifaceted tumor-promoting effects, including cytokine and protease secretion, regulation of tumor motility and metabolism, reorganization of the tumor extracellular matrix (ECM), and preparation of the metastatic niche (13) (14) (15) (16) (17) . Therefore, identification of the specific factors derived from the stromal-epithelial biochemical interaction needs to be a primary focus of research.
Recently, two studies have provided evidence that CAFs in EOC can contribute to tumor progression, disease stage, lymph node metastases, and omentum metastases and may be a poor prognostic indicator (18, 19) . However, detailed characterization of the tumor microenvironment and specific factors secreted by the synergistic interaction between CAFs and EOC cells have not been carried out. Thus, a thorough understanding of the biochemical interactions between stromal cells and epithelial cells is critical.
To better characterize the role of this stromal cell and the biochemical interactions in tumorigenesis, we isolated CAFs from resected specimens, co-cultured CAFs, and EOC cells in vitro, and examined their influence on ovarian cancer cells in vitro. We found that CAFs and the tumor microenvironment could supply contextual signals that serve to promote cancer progression in vitro.
 Stromal-Epithelial Crosstalk in Ovarian Carcinoma 

MATERIALS AND METHODS
Cell culture
OVCAR-3 and SKOV-3 ovarian tumor cells were obtained from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). The cells were cultured in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM glutamine, and 1% penicillin-streptomycin solution (HyClone, Rockford, IL, USA) at 37
• C in a humidified incubator containing 5% CO 2 . CAFs were isolated according to a modified version of the protocol described by Zhang et al. (20) . Twenty-five tumor tissue specimens were obtained from residual ovarian adenocarcinoma specimens collected from adult patients undergoing primary surgical resection at the First Affiliated Hospital of Nanjing Medical University, Nanjing, China. Each patient provided informed consent to participate in the study and the Committee for Ethical Review of Research at Nanjing Medical University approved all samples used.
Briefly, tumor tissues were minced in sterile phosphatebuffered saline solution, followed by collagenase digestion (0.1% collagenase type IV; Sigma-Aldrich, St. Louis, MO, USA) at 37
• C for 30 min. The suspension was filtered through a 20-μm stainless steel wire mesh to collect a singlecell suspension. The filtrate was centrifuged at 1,500 rpm for 5 min and washed twice with DMEM before being plated on 6-cm tissue culture dishes in 5 mL DMEM supplemented with 10% FBS (DMEM/10% FBS). After culturing for 30 min at 37
• C, nonadherent cells (mainly tumor cells) were removed to obtain pure fibroblasts; the adhesion time required for fibroblasts is much shorter (∼20-30 min) than that for tumor cells (usually >1 hr). The adherent fibroblasts were subcultured for further study. When the fibroblasts grew to confluence, cells were trypsinized and passaged 1:3. All fibroblasts used for this study were between passages 3 and 5.
Cell purity was determined by immunohistochemical staining for various antibodies as well as by morphological assessment (spindle-shaped cells with cytoplasmic extensions). Antibodies to the following were used: myofibroblast marker α-smooth muscle actin (α-SMA; mouse monoclonal, 1:100; LabVision, Kalamazoo, MI, USA), mesenchymal marker vimentin (mouse monoclonal, 1:10; LabVision), fibroblastspecific protein-1 (FSP1)/S100A4 (rabbit polyclonal, 1:50; Abcam, Cambridge, MA, USA), endothelial marker CD31 (mouse monoclonal, 1:100; BD Biosciences, San Jose, CA, USA), and ovarian epithelial marker cytokeratin 7 (mouse monoclonal, 1:100; LabVision). Fibroblasts were verified by cytokeratin 7-and CD31-negative and α-SMA-, vimentin-, and FSP1/S100A4-positive status. All experiments were performed using cells in the exponential growth phase.
Preparation of co-culture conditioned medium
To understand the stromal-epithelial crosstalk better, in vitro co-cultures of fibroblasts (CAFs) and EOC cells (OVCAR-3 or SKOV-3) were established. CAFs mixed with EOC cells in a 1:1 ratio (1 × 10 5 cells) were seeded in 20-cm 2 dishes in DMEM/10% FBS. When cells reached 70% to 80% confluence, the medium was changed to serum-free DMEM and cells were cultured for another 48 hr. The co-culture conditioned medium (CC-CM) was collected, centrifuged at 1,000 ×g for 10 min, and the supernatant was concentrated with Centricon YM-3 filters (Millipore, Bedford, MA, USA). The protein content of the CC-CM was determined using the Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA). All aliquots were stored at −80 • C until used.
Proliferation assays
To examine the effect of CC-CM on the growth of EOC cells, OVCAR-3 cells were seeded at 3,000 cells per well in 96-well plates and SKOV-3 cells were seeded at 1,000 cells per well in 96-well plates; both were cultured in DMEM/10% FBS. The medium was changed to serum-free DMEM for overnight incubation. Concentrated CC-CM (1 μg/μL) was added to the experimental wells and serum-free DMEM was added to the control wells. Cell growth was analyzed every 24 hr; 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (Sigma-Aldrich) was added 1 hr before obtaining the spectrophotometric reading according to the manufacturer's directions. Independent experiments were performed in triplicate.
Migration and invasion assays
To examine the effect of CC-CM on EOC migration, Transwell inserts (Corning, Lowell, MA, USA) were used. Briefly, 1 × 10 5 OVCAR-3 or SKOV-3 cells in 500 μL serum-free medium were added to the top 8-μm pore chamber. Medium containing 10% FBS or concentrated CC-CM (1 μg/μL) was added into the bottom chamber. Serum-free medium was added to the bottom chamber of the control wells. The number of cells that migrated through the pores to the undersurface within 48 hr indicated cell motility.
The effect of CC-CM on tumor cell invasiveness was investigated in a similar fashion using BioCoat Matrigel-coated invasion chambers (BD Biosciences). The cells were allowed to invade the Matrigel for 48 hr at 37
• C in a 5% CO 2 atmosphere.
After 48 hr, cells that did not migrate or invade through the pores were removed by scraping the membrane with a cotton swab. Cells that had invaded through the pores and migrated to the underside of the membrane were fixed in 95% ethanol and stained with hematoxylin and eosin. Five random regions on the inserts and membranes were then viewed with a microscope by two independent observers. Independent experiments were performed in triplicate.
Serum deprivation-induced apoptosis assays
An important feature of tumor cells is their ability to regulate their survival. We therefore tested whether CC-CM could rescue EOC cells from serum deprivation-induced apoptosis. OVCAR-3 or SKOV-3 cells were seeded in eight-well chamber slides (1 × 10 5 cells per well) in DMEM/10% FBS. After overnight incubation, cells were washed and the medium was changed to DMEM/10% FBS with or without concentrated CC-CM (1 μg/μL) for 24 hr, then cells were washed and incubated for 48 hr in serum-free DMEM. After 48 hr, apoptotic cells were identified using the conjugated human annexin  S. Fu et al.
V and propidium iodide double staining method (BD Biosciences). In total, 10,000 cells were analyzed by flow cytometry using CellQuest software (Becton Dickinson, Mountain View, CA, USA). Independent experiments were performed in triplicate.
Protein detection assays
The aforementioned observations indicate that CAFs supply locally acting paracrine cues that induce EOC cells to progress in vitro. To understand this crosstalk better, the CM was harvested from CAFs, OVCAR-3 cells, or CAF+OVCAR-3 cell co-cultures. The levels of various factors in the cell-free culture supernatants were measured with the RayBio R Biotin Label-based Human Antibody Array system (RayBiotech, Kangchen, China) and were normalized to the levels observed in the medium of OVCAR-3 cells cultured alone. Data are expressed as fold induction of triplicates.
According to the manufacturer's protocol, there are 507 proteins in the RayBio R system (Supplementary Table 1 , available online), including cytokines, chemokines, growth and differentiation factors, angiogenic factors, adipokines, adhesion molecules, and matrix metalloproteinases (MMPs), as well as binding proteins, inhibitors, and soluble receptors.
Briefly, the protein chips were blocked and incubated with 400 μL biotin-labeled samples at room temperature for 2 hr, and then washed to remove unbound components. Streptavidin-conjugated fluorescent dye, HiLyte Plus TM 555 (Cy3 equivalent; AnaSpec, Fremont, CA, USA), was incubated with the chips at room temperature for 1 hr. The excess streptavidin was removed and the signals were scanned by a GenePix TM 4000B laser scanner (Axon Instruments, Sunnyvale, CA, USA). The data were normalized based on the positive control signals, and then compared to a common reference array. After subtraction of local background signals, the fluorescent signal intensity for each spot was multiplied by a normalization factor. The results were expressed as relative densities compared to the positive control in each membrane, and the relative ratios were calculated as fold induction. A series of diluted antistreptavidin and biotinconjugated IgG were used as positive controls, while capture antibody diluent was used as the negative control.
Statistical analyses
All statistical tests were performed using SPSS Statistical Software, Release 16 (Chicago, IL, USA). Graphs were generated by GraphPad Prism 4.0 software (San Diego, CA, USA). Comparisons were made using two-tailed Student's t-test and significant difference was defined as p < .05. Data are expressed as the mean ± standard deviation of at least three independent experiments. 1D, 1E, and 1F ) and negative immunohistochemical staining for cytokeratin 7 and CD31 (data not shown). The CAFs could be maintained for over 10 passages.
RESULTS
Successful isolation of CAFs
CC-CM stimulated EOC cell proliferation, migration, and invasion
Comparing CC-CM to control medium, the cell proliferation assays showed that CC-CM significantly increased the growth rate of OVCAR-3 and SKOV-3 cells (p < .05, Figures  2A and 2B) . Interestingly, the SKOV-3 cells grew so fast that they could be tested at a lower concentration (1,000 cells per well); otherwise, it was difficult to observe the obvious difference between the CC-CM group and the control group.
Next, we tested the effect of CC-CM on the mobility of OVCAR-3 and SKOV-3 cells using Transwell migration assays. As shown in Figure 2C , the number of OVCAR-3 cells cultured in CC-CM that migrated to the undersurface of the membrane was significantly greater than that of cells cultured in the control medium (191.3 ± 40.2 versus 22.7 ± 12.0, p < .05). A similar effect was observed for the SKOV-3 cells. The number of SKOV-3 cells cultured in CC-CM that migrated to the undersurface of the membrane was also significantly greater than that of cells cultured in the control medium (190.7 ± 36.1 versus 16.3 ± 7.0, p < .05; Figure 2D ).
Subsequently, we measured the capacity of OVCAR-3 and SKOV-3 cells to invade through the Matrigel, an artificial ECM. OVCAR-3 cells incubated with CC-CM displayed increased invasive ability compared to OVCAR-3 cells incubated with control medium (65.0 ± 19.9 versus 8.3 ± 3.2, p < .05; Figure 2E ). SKOV-3 cells incubated with CC-CM also displayed increased invasive ability compared to the control group (47.0 ± 18.5 versus 5.0 ± 3.2, p < .05; Figure 2F ).
CC-CM inhibited serum deprivation-induced apoptosis
In this assay, culture in serum-free conditions strongly induced the apoptosis of EOC cells. However, the percentage of apoptotic OVCAR-3 cells was reduced by 23.9% when cells were cultured in CC-CM as compared to control medium (26.2% ± 14.7% versus 2.3% ± 1.6%, p < .05; Figure 3A) , and that of SKOV-3 cells was reduced by 25.7% when cells were cultured in CC-CM as compared to control medium (27.9% ± 17.4% versus 2.2% ± 1.7%, p < .05; Figure 3B ).
Stromal-epithelial crosstalk caused an increase in the levels of various cytokines
In total, nine diagrams were generated: three of CC-CM from CAFs and OVCAR-3 cell co-culture, three of CM from CAFs, and three of CM from OVCAR-3 cells. Representative diagrams depicting a typical image are presented in Supplementary Figure 1 (available online). The overall sensitivity, specificity, and variability of the arrays were tested according to the protocol of Huang et al. (21) . The coefficient of variation (defined as the standard deviation divided by the mean) was generally less than 20%, suggesting reasonably good reliability of the system.
The levels of various factors in the cell-free culture supernatants were measured with the RayBio R Biotin Label-based Human Antibody Array system and normalized to the levels observed in the CM of OVCAR-3 cells cultured alone. Some factors were upregulated, others remained unchanged, and the levels of some factors could not be detected. In some cases, the resulting levels of certain released factors reflected the additive contributions of the two cell types when cultured individually. Notably, the levels of some cytokines reflected a synergistic interaction between the CAFs and OVCAR-3, as these accumulated to levels more than 2-fold higher than those produced by individual CAF or OVCAR-3 cultures.
We defined an arbitrary cutoff signal ratio of ≥2.0-or ≤2.0-fold changes as significant expression. That is, we compared the CC-CM from CAF+OVCAR-3 cells to the CM from CAFs only, and compared the CC-CM from CAF+OVCAR-3 cells to the CM from OVCAR-3 cells only, and only ratios of ≥2.0-or ≤2.0-fold changes were considered significant expression. Figure 4 depicts partial representative results, not of all 507 cytokines. Figure 4 shows that there were significant expression of some cytokines, such as IL-1A and MMP-20, while the expression of large number other cytokines remained unchanged. Of the 507 cytokines, there was significant expression of 57 in the CC-CM from CAF+OVCAR-3 cells, and these significantly upregulated cytokines are listed in Table 1 . Of these 57 cytokines, 44 were upregulated and 13 were downregulated. The first group of cytokines included tumor necrosis factor (TNF) superfamily members, insulinlike growth factor (IGF)-binding protein, hepatocyte growth factor (HGF), and fibroblast growth factor (FGF). These cytokines can promote the proliferation of cancer stem cells and are associated with cell growth. The second group of cytokines included MMPs, intercellular adhesion molecule-3, and connective tissue growth factor and is associated with ECM remodeling and decreased cell adhesion that contribute to tumor cell migration and invasion. The third group of cytokines comprised some interleukins (ILs) and chemokine (C-X-C motif) ligands that are responsible for immune escape by tumors and can affect inflammation in cancer. The fourth group of cytokines included vascular endothelial growth factor and angiopoietins. These cytokines are associated with cancer cell proliferation and tumor angiogenesis. The fifth group comprised downregulated cytokines. These cytokines are involved in cell proliferation, organ development, signal transduction, immunoregulatory and inflammatory processes, and angiogenesis and blood vessel stability.
DISCUSSION
The importance of the local tumor microenvironment in tumor progression has been recognized for many years and highlighted in several reviews (3, 22, 23) . Two recent studies on ovarian cancer showed that tumor CAFs could induce cancer cell invasion, migration, and progression (18, 19) . However, in contrast, little is known about the possible contribution of stromal-epithelial interaction in 
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Stromal-Epithelial Crosstalk in Ovarian Carcinoma  ovarian cancer. Using ovarian CAFs, we found that CC-CM from CAF and EOC cell co-cultures stimulated ovarian tumor cell proliferation, migration, and invasion. Moreover, the CC-CM inhibited the apoptosis of tumor cell induced by serum deprivation. These observations indicate that soluble factors are produced by crosstalk between CAFs and EOC cells that stimulate the proliferation and survival of ovarian cancer cells. We also screened some significantly expressed cytokines in the CC-CM produced by biochemical interactions between CAFs and EOC cells. These cytokines contributed to cell proliferation, ECM remodeling, inflammation, and angiogenesis. Taken together, these studies indicate that the stromal-epithelial interaction of ovarian cancer plays an important role in the aggressiveness of this disease. The tumor microenvironment is composed of both cellular (fibroblasts, endothelial, and immune cells) and noncellular components (proteins, proteases, and cytokines). Proliferation is the first step in tumor cell invasion and metastasis to other organs. In the present study, high levels of a variety of growth-promoting factors were identified in the CC-CM from CAF and EOC cell co-cultures, including transforming growth factor (TGF)-β, HGF, and IGF. TGF-β is secreted by a number of malignant tumors, including those in colon cancer (24) and breast cancer (25) , and can induce the differentiation of fibroblasts into CAFs. HGF is secreted by many types of cancer cells and stromal cells, playing an important role in the tumor stromal microenvironment (26) . HGF can stimulate the migration of SKOV-3 cells (19) . In this study, we demonstrated that synergistic interaction in the stromal-epithelial microenvironment led to the expression of higher levels of HGF and TGF-β as well as epidermal growth factor (EGF) and basic FGF. Each of these factors may be potentially responsible for cancer cell proliferation and metastasis.
Remodeling of the ECM by MMPs is a crucial step for cancer progression as well as formation of the cancer microenvironment (27) . Crosstalk between cancer cells and CAFs may direct both cell types to modify the adjacent ECM and basement membrane (3, 15) . It is widely recognized that breakdown of the basement membrane is the first step required for cancer cell intravasation into the circulation. MMP-13 secreted by CAFs promotes tumor angiogenesis and can lead to increased cancer cell invasion (28) . MMP-11 expression has a significant relationship with the inflammatory molecular profile of breast carcinomas and distant metastasis (29) . Recently, it was shown that overexpression of MMP-20 may be useful as a prognostic factor for lymph node metastases in laryngeal squamous cell carcinoma (30) . These cytokines may play an important role in promoting tumor cell invasion and metastasis.
Inflammation has recently been proposed as the seventh hallmark of cancer (31) . Pro-inflammatory cytokines secreted by CAFs and cancer cells attract excessive numbers of immune cells to the tumor, allowing cancer cells to be exposed to growth factors while avoiding immune surveillance (32) . In this study, a set of pro-inflammatory mediators were upregulated and associated with immune response and tumor-promoting behavior. These findings suggest that an inflammatory microenvironment plays a crucial role in malignant cell progression.
Angiogenesis is required for a tumor to grow, and the microenvironment plays an important role in regulating the angiogenic switch (33) . In this study, pro-angiogenic factors, including vascular endothelial growth factor β, angiopoietin-4, and angiopoietin-like 4 were identified. These factors are essential for tumor growth and metastasis and essential for controlling tumor-associated angiogenesis (34) . Angiopoietin 4 is a protein that plays important roles in vascular development and angiogenesis (35) , while angiopoietin-like 4 has been shown to prevent the metastatic process by inhibiting vascular activity and tumor cell motility and invasiveness (36). 
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The upregulated promoter cytokines exert promoting effects in crosstalk interaction. The downregulated suppressor cytokines may also exert promoting effects, and occasionally require feedback effects to maintain microenvironment homeostasis. Thus, there is another group of downregulated cytokines. These cytokines are involved in cell proliferation (FGF-8, EGF), organ development (FGF-20, FGF-4), signal transduction (TNFSF10), immunoregulatory and inflammatory processes (CCL18, CXCL6, RANTES, IL-13, ENA-78), and angiogenesis and blood vessel stability (TIE-1, angiopoietin-like 4). Some; such as TIE-1, IL-10, IL-13; and angiopoietin-like 4, are tumor suppressor cytokines. TIE-1 is a member of the tyrosine protein kinase family and plays a critical role in angiogenesis and blood vessel stability by inhibiting angiopoietin 1 signaling through the endothelial receptor tyrosine kinase TIE-2 (37). IL-13 downregulates macrophage activity and inhibits the production of pro-inflammatory cytokines and chemokines, some of which play an important role in cell proliferation, organ development, signal transduction, and immune regulation (38) . The stromal-epithelial crosstalk downregulation of some promoter cytokines may aid in preventing hyperreaction and in maintaining homeostatic control. For example, TNFSF10 belongs to the TNF ligand family and preferentially induces apoptosis in transformed and tumor cells. The binding of this protein to its receptors has been shown to trigger the activation of MAPK8/JNK, caspase-8, and caspase-3. Downregulation of this cytokine may prevent TNFα-mediated apoptosis in some primary tumors (39) .
In fact, the soluble factors produced in vitro by stromal cells do not always stimulate proliferation; some may inhibit cancer cell proliferation and induce apoptosis (40) , suggesting that these fibroblast-secreted factors interfere in the cell growth and death of neoplastic cells.
One limitation in this study is that we evaluated CAFs as the sole stromal element interacting with tumor cells. In reality, many other cell types in the stroma, such as endothelial cells, immune cells, adipocytes, and pericytes are known to interact with tumor cells to mediate malignant behavior. Another limitation is that we did not verify the observation in vivo. Thus, a more physiologically relevant design would be one that includes all stromal cell types along with tumor cells and that is performed in vivo.
In conclusion, our data provide evidence that stromal fibroblasts and stromal tumor cells interact and promote tumor progression in ovarian cancer. These findings improved our understanding of the role and effects of the synergistic interactions between the tumor and stromal cells in the tumor microenvironment during ovarian cancer progression. With this information, targeting the stroma in ovarian cancer may not only be effective in suppressing tumor development, but may also prevent tumor metastasis. Further investigation of the role of these factors may be a high priority for future work.
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